Background Eph receptor tyrosine kinases EphB2 and EphB3, and ephrin-B1 ligand play a critical role in regulating small intestinal epithelial cell migration. Although well studied in developing brain, the expression pattern of Ephs/ephrins has not been delineated in the developing small intestine. Aims To examine the gene expression of all known members of Ephs/ephrins during development of mouse small intestine. Methods We examined the expression of 21 A-and B-Ephs/ephrins in mouse small intestine or the Caco-2 cell line using reverse-transcription polymerase chain reaction (RT-PCR), quantitative (q)RT-PCR, and immunohistochemical analyses. EphB2-expressing cells from isolated crypts were detected by immunofluorescence and fluorescence-activated cell sorting (FACS) analyses. Results With the exception of EphA5, all family members were expressed throughout the intestine at all ages examined. Most were uniformly expressed. In contrast, levels of EphA4, EphA8, EphB4, and ephrin-B2 messenger RNA (mRNA) were highest during early fetal development and declined with age. At E15, EphB2 and EphB4 proteins were diffusely expressed in proliferating stratified intestinal epithelial cells. By E18, the proteins had become localized to cell membranes of columnar epithelial cells within intervillus regions, and later were expressed on epithelial cell membranes in adult crypts. EphB2-expressing cells can be specifically isolated from crypt cell fractions. Conclusions The current study represents the first analysis of Ephs/ephrins during intestinal development. The elevated expression of EphA4, EphA8, EphB4, and ephrin-B2 during the fetal period of intestinal morphogenesis suggests an important role in development. Continued intestinal expression of other family members implicates a role in differentiation.
Introduction
The Ephs constitute the largest known family of receptor tyrosine kinases, comprising at least 14 distinct receptors that are highly conserved from Xenopus to humans [1] [2] [3] . The Ephs interact with an eight-member family of cellsurface-bound ligands, the ephrins. Because of their diverse history of isolation and characterization, Ephs and ephrins are known by multiple names (Table S1 ), making analysis of the older literature challenging. Eph receptors are divided into two groups based on the relatedness of their extracellular domains. Receptors of the EphA group preferentially bind glycosylphosphatidylinositol (GPI)-linked ligands of the ephrin-A subclass. The EphB group preferentially interacts with transmembrane ligands, the ephrin-B subclass (Fig. S1 ). Within a subclass, ephrins show significant structural and sequence homologies, and a single ephrin may bind with high affinity to several Eph receptors. It has been suggested that the evolutionary expansion of the Eph/ephrin families may have served to establish subtle functional differences and a combinatorial code of expression patterns that regulate complex tissue architecture [4] .
Both Ephs and ephrins mediate signaling after receptor-ligand interaction [5] [6] [7] [8] . This bidirectional signaling affects cellular interactions such as cell adhesion, cell migration, and tissue boundary formation [9] [10] [11] . Much of Eph/ephrin function is achieved by regulating cell movement. Eph/ephrin interactions are critical for processes such as embryogenesis [12] , vasculogenesis [13] , and cell motility [14] . Eph receptors exhibit a variety of distribution patterns during early stages of embryonic development [15] [16] [17] . For example, the localized expression of the mRNA for different Ephs and ephrins in the developing brain occurs in association with the formation of specific structures, suggesting a regulatory role in their formation [18] . Using knockout mice, specific roles for several EphB receptors have been found in the developing forebrain [19] .
The small intestinal epithelium consists of a highly dynamic cell population that undergoes rapid turnover throughout life in conjunction with structural and functional differentiation. Examination of normal adult human small intestine revealed expression of mRNA for all Ephs and ephrins, with the exception of EphA8 [20] . In the mature intestine, four epithelial cell types arise from stem cells in the crypts, with three cell types moving upward out of the crypts onto the villi as they differentiate and a fourth, the Paneth cell, moving to the base of the crypt. Although cell-cell interactions have long been thought to be critical in migration and differentiation of these epithelial cells, few mechanisms have been understood until recently. Analysis of EphB2-and EphB3-null mice by Batlle et al. [21] demonstrated that the normal movement of different cell types was disordered: Paneth cells migrated up the villi, while differentiated absorptive cells mingled with proliferating crypt cells. These authors suggested that there are complementary gradients of EphB2, EphB3, and ephrin-B1 and that, as intestinal cells differentiate, interaction of EphB2 and EphB3 with ephrin-B1 directs cell movements upward or downward [22] . It has been reported that signaling between EphB2 and ephrin-B2 regulates cell proliferation in the small intestine [23, 24] . Expression of mouse EphA2 has been identified in E7.5 endoderm and persists through E10.5, suggesting a possible role in early patterning of the gut tube [25] . In contrast to the focus on EphB2, EphB3, ephrin-B1, and ephrin-B2, the expression and potential roles of other family members in the developing gastrointestinal tract have been little examined.
We screened the mRNA expression for all the members of the mouse Ephs and ephrins in the developing intestine by RT-PCR, and quantified and performed immunohistochemistry on subsets of Ephs/ephrins. Most members were expressed at all ages examined, except for EphA5. EphA4, EphA8, EphB4, and ephrin-B2 had their highest levels of expression during fetal development, with EphA8 barely detectable in adult intestine. Since Caco-2 cells (human colon carcinoma cells) provide a relevant model for studying epithelial cell differentiation and polarization in vitro and no comparable mouse intestinal cell line has been well characterized [26, 27] , we extended our data for EphB-family members to their expression during proliferation and differentiation in these cells. When cultured, these cells proliferate, form tight junctions, and exhibit the phenotype of human small intestinal epithelial cells [26] . In addition, studies were undertaken to assess the relationship between EphB2 and EphB4 and its cognate ligand ephrin-B1 in crypt and villus cells as well as to isolate EphB2-expressing cells from the intestinal epithelium. The present data suggest that the widespread expression of most of these receptors at all developmental stages examined indicates important roles in differentiation of the intestine (and that they could be candidates for further analysis for cell-based therapies).
Methods

Reagents
Quantitative RT-PCR (qRT-PCR) reagents were from BioRad (Hercules, CA). Primer pairs (Table S2) were purchased from Superarray Bioscience Corporation (Frederick, MD) or designed using Beacon designer software and synthesized by Invitrogen Life Technologies (Carlsbad, CA). The sequences of primer pairs obtained from Superarray Bioscience Corporation are proprietary. RT-PCR reagents were from Invitrogen. Anti-EphB2, EphB4, and ephrin-B1 antibodies were obtained from R&D Systems (Minneapolis, MN). Alexa anti-goat antibody was obtained from Molecular Probes, and fluorescein isothiocyanate (FITC)-labeled antibodies were obtained from R&D Systems. All other chemicals and reagents were purchased from Sigma (St. Louis, MO), Gibco-BRL (Grand Island, NY) or Fisher Scientific (Fair Lawn, NJ).
Sample Preparation and RT-PCR Analysis
Mouse Eph receptors (EphA1-8, EphB1-4, EphB6), ephrin ligands (ephrin-A1-5, ephrin-B1-3), and glyceraldehyde For the RT-PCR analysis, first-strand complementary DNA (cDNA) synthesis was performed using 1.0-2.0 lg total RNA from different stages and regions (proximal = duodenum; middle = jejunum; distal = ileum) of mouse intestine using either the SuperScript III first-strand synthesis system (InVitrogen) or the iScript cDNA synthesis kit (BioRad) in a final reaction volume of 25 ll according to the manufacturer's instructions. After completion of the reaction, the cDNA was further diluted 4-5 times with RNase-free water, and 1-2 ll diluted cDNA was used for PCR amplification.
For A-family Ephs/ephrins, the amplification reaction was carried out for 30-35 cycles with an initial hot start at 95°C for 15 min, followed by denaturation for 30 s at 95°C, annealing for 30 s at 55°C, and extension for 30 s at 72°C. For the mRNA expression of EphA4, EphA5, and B-family Ephs/ephrins, the amplification reaction was carried out using similar conditions as for A-family members except there was no initial hot start. The amplification reaction for sucrase-isomaltase was carried out for 30 cycles with denaturation for 30 s at 94°C, annealing for 1 min at 51°C, and extension for 1 min at 72°C, followed by final extension at 72°C for 7 min.
Aliquots of the amplified products were analyzed on 1.2-2.0% agarose gel [Tris-borate-ethylenediamine tetraacetic acid (EDTA) containing ethidium bromide] electrophoresis. For each analysis, a negative control, prepared using all reagents except SuperScript II H -reverse transcriptase and an aliquot of the matching RNA, yielded no detectable products, indicating that all RNAs were free of DNA contamination.
As positive controls, we initially validated primer pairs using RT-PCR analysis on RNA isolated from mouse brain, which is known to express all members of the Eph/ephrin family except EphA8 and ephrin-A2 [20] .
Real-Time qRT-PCR Analysis
To quantify the mRNA expression for EphA4 and EphB4 receptors, and their cognate ligand ephrin-B2, and to confirm the differential and spatial expression of EphA8 receptor, real-time RT-PCR was performed using SYBR Green detection platform and determined using a standard curve method and a calibrator sample [28] . Thermal cycling parameters were used as per instructions (Superarray Bioscience Corporation). Briefly, cDNA was synthesized using the reverse-transcription kit from BioRad according to the manufacturer's protocol. Melting-curve experiments established that the fluorescent signal for each amplicon was derived from product only and not from primer dimers. Quantification was obtained by comparing the threshold cycles of unknown samples against calibration curves with known copy numbers. The amount of gene-specific mRNA is displayed as the x-fold gene expression of each experimental sample compared with the calibration sample after normalization and as described [28] . All experiments were performed as duplicates or triplicates in four or five separate experiments. Statistical significance (P \ 0.05) was determined by analysis of variance (ANOVA; GraphPad Software, San Diego, CA).
In some cases, amplification of the expected single products was confirmed using 2% agarose gel and ethidium bromide staining. The amount of GAPDH mRNA in each sample was quantified and used as an internal control for comparison among different samples.
Cell Culture
Caco-2 cells were obtained from the American Type Culture Collection (Manassas, VA) and routinely maintained in Dulbecco's modified Eagle's medium containing 10% fetal bovine serum. To further substantiate the specificity of the results for the epithelial compartments, in this series of experiments Caco-2 cells were harvested at preconfluence (2 days, proliferative stage) and postconfluence (21 days, differentiated stage) and used for gene expression studies.
Intestinal Cell Isolation
The isolation of villus to crypt gradients of intact isolated intestinal epithelial cells from adult mouse small intestine was performed as originally described [29, 30] . Since fetal and newborn intestines do not have crypts, which are developed at a later stage, intestinal crypt cells were extracted from adult animals only. Small intestine was obtained from C57BL/wt mice and luminal contents gently removed from the intestine. The intestine was then rinsed thoroughly with 0.15 M NaCl and 1 mM dithiothreitol as described in the Weiser ''rinse'' [30] . Subsequently, the intestine was incubated with Weiser solution A (1.5 mM KCl, 96 mM NaCl, 27 mM sodium citrate, 8 mM KH 2 PO 4 , 5.6 mM Na 2 HPO 4 ; pH 7.3) for 15 min at 37°C. After rinsing the intestine with phosphate-buffered saline, it was refilled with solution B (phosphate-buffered saline containing 1.5 mM EDTA and 0.5 mM dithiothreitol) and incubated for 30 min at 37°C; no proteases or other enzymes were used. This method isolates only epithelial cells and excludes serosal and interstitial cells. After dissociation, the cells were washed repeatedly with phosphate-buffered saline solution. By a series of incubations at 37°C and washing of gut loops, sequential fractions of isolated epithelial cells were obtained with a gradient of cells from the villus tip to the lower villus and then the crypts. Harvested crypt cells (at 60 min from the start of experiment) were used for gene expression, immunofluorescence or FACS analyses.
Immunohistochemistry
Paraffin-embedded sections (5 lm) were deparaffinized with xylene and rehydrated with a graded series of ethanols. Antigen retrieval was carried out by heating the sections in a microwave (95°C for 20 min) in 0.01 M citrate buffer, pH 6.0. Sections were incubated with 2.0% hydrogen peroxide for 20 min to block endogenous peroxidase, then incubated with blocking serum (ABC kit; Vector Laboratories, Burlingame, CA) in TBS (0.1 M Tris-HCl, pH 7.5; 0.15 M NaCl) for 30 min at 37°C. Incubations with primary antibodies against EphB2, EphB4 (1:375 dilutions), and ephrin-B1 (1:400 dilutions) were performed for 3 h at 37°C followed by incubation with secondary biotinylated antibody, then with preformed avidin-biotin horseradish peroxidase macromolecular complex (Vectastain ABC kit) for 30 min at 37°C and according to the manufacturer's protocol. Signal detection was performed with 3,3 0 -diaminobenzidine tetrahydrochloride (DAB) as the substrate according to the manufacturer's instructions.
Immunofluorescence Staining and FACS Analyses
For immunofluorescence analyses of EphB2 protein in mouse small intestinal tissues or isolated intestinal epithelial crypt cells, incubations with primary antibodies against EphB2 (1:375 dilution) were performed for 3 h at 37°C followed by incubation with secondary Alexa antigoat antibody (1:100 dilution; Molecular Probes) in a humidified incubator for 30 min at 37°C. Sections were washed thoroughly with TBS and mounted with Mowiol (Calbiochem). For FACS analysis, isolated intestinal epithelial cells were placed on ice and incubated with primary antibodies against EphB2 (1:375 dilution; R&D Systems) for 30 min. After three washes with staining medium (enzyme-free cell dissociation buffer containing 3% fetal bovine serum; Gibco-BRL), the cells were incubated with secondary FITC antibody (1:100) for 30 min in a total volume of 1 ml, and the tubes were placed on their sides for proper mixing during incubation. The cells were washed three times with phosphate-buffered saline, and the FACS-Vantage SE (Becton Dickinson) was used to perform FACS analysis.
Microscopy
Immunohistochemical images were captured under brightfield illumination using an Olympus BX41 (Olympus America Inc., Center Valley, PA) microscope equipped with an Olympus DP70 camera. Immunofluorescence images of tissue sections or isolated intestinal epithelial cells were captured with an Olympus AX70 microscope.
Results
Expression of Ephs/Ephrins in Mouse Tissues
We initially validated all of the primer pairs on RNA from mouse brain as positive controls using RT-PCR analysis [18, 31] . As expected, the A-and B-family Ephs/ephrin were expressed in E14.5 or adult brain ( Fig. S2A and S2C) . Interestingly, EphA8 was not detectable in adult brain but was expressed at E14.5 (Fig. S2B) .
Ephs/Ephrins Expression in Staged Developmental Mouse Series
Adult human small intestine exhibits the presence of a broad spectrum of A-and B-class Ephs/ephrins [20, 32] . To investigate the expression of these mRNAs in developing mouse small intestine, we performed RT-PCR analysis on E13.5-17.5, NB, and adult isolates from proximal, mid, and distal regions. Examples of Eph and ephrin expression are shown in Fig. 1 . Our data show that, with the exception of EphA5 and EphA8, mRNAs for the A-and B-family Ephs and ephrins are expressed constitutively during intestinal development (Fig. 1a, c; Table 1 ), suggesting an important role for their translated proteins. Although EphA5 is expressed in E14.5 brain, it was undetectable in the developing intestine. Distinct differences in EphA8 expression were observed during development, with greater intensity found at E13.5-17.5 and lower levels in
NB and adult (Fig. 1b) . Most strikingly at the early stages, EphA8 expression was higher in the mid and distal regions than in the proximal region.
Real-Time qRT-PCR Analysis for Ephs/Ephrins in Developing Mouse Intestine
Since no previously published data are available for EphA8 expression in normal small intestine, and based on our observation that EphA8 was expressed at a minimal level in NB as well as in adult small intestine by RT-PCR analysis (Fig. 1b) , we performed qRT-PCR analysis. Our data show that EphA8 mRNAs exhibit similar patterns as seen for RT-PCR analysis (Fig. 2a) . The relative abundance of EphA8 mRNA showed dramatic differences in the different regions of fetal intestine. It was expressed at higher levels distally than proximally; levels were, however, consistently higher in early stages compared with adult. Taken together, our data indicate that EphA8 mRNA expression is temporally and spatially regulated. Because EphB4 transcripts have been shown to be enriched in mouse gastric epithelial progenitor cells [36] , and EphA4 is the only receptor which binds to members of ephrin-A ligands as well as ephrin-B2 and ephrin-B3 (Fig. S1 ) [37] , quantitative analysis was focused on EphA4, EphB4, and their cognate ligand, ephrin-B2. As shown in Fig. 2b , EphB4 expression is highest in early fetal development and significantly declines with age. EphA4 and ephrin-B2 showed a similar expression pattern (data not shown). We were able to ascertain developmental and/ or spatial differences in expression levels by the shift in the threshold cycle for EphA8, EphA4, EphB4, and ephrin-B2; there was no difference for ephrin-B1 (data not shown) during development. Our data for EphA4, EphB4, and ephrin-B2 expression indicate that their mRNA levels are highest in the developing intestine at E13.5 (when epithelial cells are rapidly proliferating and form a stratified epithelium) but decline after villus morphogenesis.
Expression of Ephs/Ephrins in Caco-2 and Intestinal Crypt Cells
To obtain a better understanding of the role of Ephs/ ephrins in intestinal cells we examined the expression of EphA4 and B-family Ephs/ephrins in Caco-2 cells and in isolated crypt cells using RT-PCR analysis (Table 2) . Since crypt cells develop postnatally our crypt cells data are for the adult only. EphA4 and EphB2 receptors are expressed in pre-and postconfluent Caco-2 cells and in crypt cells. EphB3 was expressed only in preconfluent Caco-2 cells as well as in crypt cells, suggesting that EphB3 expression is required only in proliferating cells. EphB1 and EphB6 showed very low expression levels in Caco-2 and crypt cells, consistent with previously published microarray data [38] . Ephrin-B1, ephrin-B2, and ephrin-B3 mRNAs were also undetectable or very low in preconfluent (2 days) Caco-2 cells. However, after the cells reached confluence and differentiated (21 days), ephrin-B1 and ephrin-B3 were expressed. Isolated crypt cells showed expression of ephrin-B1 and ephrin-B2 but not ephrin-B3. We used sucrase-isomaltase mRNA as a positive control to validate the isolation of crypt and villus cell fractions from the enterocytes. As expected, Fig. 1 Developmental expression of Eph/ephrin mRNAs in mouse small intestine using RT-PCR analysis. a Differential and spatial expression of EphA1-2 and ephrins-A1-5, and b EphA8 during intestinal development. c Analysis of EphA4 and B-family Eph/ ephrin expression at E17.5 and adult mid-jejunum. This is a composite picture of two gels. (W whole, P proximal, M mid, D distal intestine; NB newborn; Efn ephrin). This is a representative of n = 3 or more individual experiments sucrase-isomaltase mRNA was expressed only in the villus fractions but was undetectable in the isolated crypt cells (Fig. S3) , consistent with previously published observations [29, 39] . Overall, these data suggest differential roles for these receptors and ligands in regulating intestinal cell proliferation and differentiation.
Distribution Pattern of B-Family Eph/Ephrin Proteins in Developing Small Intestine
The spatial distribution of EphB2 and EphB4 proteins was investigated in mouse small intestine at days E15 and E18, NB, and adult stages of development using immunohistochemical analysis (Fig. 3) . Comparison of the expression pattern of EphB2 and EphB4 in embryonic intestine with that of the adult revealed marked differences. There was low expression, diffuse and cytoplasmic, of both EphB2 and EphB4 receptors in stratified epithelium at E15. In the early stages of villus formation, the proteins were expressed on the cell membranes of all epithelial cells in the single-layer epithelium. At E18 and in newborns, expression was restricted to the membranes of cells in the intervillus regions. Thus, villus formation appears to occur prior to restriction of the receptors to the intervillus regions (Fig. 3) . This pattern suggests that morphogenesis of villi from a multilayer stratified epithelium likely does not result from interactions between these Eph proteins. In adult, the immunoreactivity for these receptors was prominent in cells toward the base of crypts, marking the proliferating cell zone. In contrast, ephrin-B1 expression was detected in cells on the lower halves of the villi in newborn animals, but not in the intervillus region. No signals were detected in the goblet cells or in the lamina propria. As expected, the negative control did not show any immunoreactivity to the antibodies. These data indicate that both EphB2 and EphB4 are expressed in the proliferative zone whereas ephrin-B1 Ephrin-B3 (NM_007911) (Brain), colon, lung, kidney [20, 35] Constitutively expressed a Widely expressed tissues include normal adult brain, lung, liver, spleen, colon, small intestine, kidney, bladder, prostate, testis, uterus, thymus, and bone marrow [20] . Bone marrow showed the lowest Eph receptor and ephrin expression. is expressed in differentiating cells during intestinal development.
Expression of EphB2 in Isolated Intestinal Crypt Cells by Immunofluorescence and FACS Analysis
Since our data indicate that EphB2 is expressed throughout the developmental stages analyzed, and could be used to characterize stem cells, we reconfirmed its expression in adult mouse intestine. Immunofluorescent staining with EphB2 primary and a secondary Alexa anti-goat antibody revealed EphB2 expression in the lower crypt in adult mouse small intestine (data not shown), suggesting that a similar approach could be used to stain and isolate EphB2-expressing cells from the intestinal epithelium.
Once crypt cells were isolated using the Weiser technique [30] , as shown in the dark-field image, they were fluorescently labeled with EphB2 antibody in preparation for FACS analysis. A substantial number of cells expressed EphB2 on their surface. The cells in the dark-field image (Fig. 4a) indicated by the green circle or dotted area are labeled positively for EphB2 (Fig. 4b) as detected by immunofluorescence analysis, whereas the cells indicated by the blue circle were not labeled, presumably because they did not express this receptor. Furthermore, using FACS analysis, it is possible that a population of cells representing intestinal stem cells could be isolated from the crypts as observed by EphB2-surface-labeled cells shown in the box (Fig. 4d ) compared with the unlabeled control cells (Fig. 4c) .
Discussion
The adult small intestinal epithelium consists of two compartments of cells: the proliferating cells in the crypts and nonproliferating, differentiated cells on the villi; and Paneth cells at crypt bases. Cells in both compartments are constantly moving, as the epithelial, enteroendocrine, and goblet cells progress from crypt base to villus tip. The interaction of EphB2 and EphB3 with ephrin-B1, normally expressed in reciprocal gradients along the crypt/villus axis, maintains such orderly progression [21] . As the expression of other members of the Eph/ephrin family had not been delineated, we examined all the known family members in adult intestine and during the fetal [20] in the adult human intestine, most of the Ephs and ephrins examined were expressed ubiquitously in the mouse small intestine. In fact, Hafner et al. [20] , in a screen of 13 organs, found that almost all of the Ephs and ephrins were expressed at some level in every organ, although levels varied widely. Relative to other organs, expression of EphB2 was highest in colon and small intestine, consistent with its critical role in the regulation of directional intestinal epithelial cell migration along the crypt-villus axis [21] . These investigators did not assay for EphA5, which in our study was undetectable in the intestine but was successfully amplified from fetal brain, consistent with previously published data in which EphA5 is reported to be almost exclusively expressed in the nervous system, as reviewed in [35] .
Interestingly, our study detected EphA8 in normal fetal intestine but not in adult intestine. Hafner et al. [20] detected expression of EphA8 only in human colon tumor cells, in keeping with the concept that cancer cells recapitulate gene expression of early developmental stages. These data imply that examination of developing human intestine would reveal developmentally regulated EphA8 expression.
EphA2 has been identified as a marker of the posterior endoderm at E7.5 as the primitive gut tube is forming [25] . Our data demonstrated that EphA2 is expressed at all developmental and adult stages. Aasheim et al. [40] reported ephrin-A2 in fetal human intestine and strong expression in adult intestine; we found a similar pattern during mouse development (Fig. 1a) . Mice lacking ephrin-B2 display severe anorectal malformations, including absence of the rectum [41] . In the present study ephrin-B2 was expressed at comparable levels in E17.5 and adult intestine. Taken together, expression patterns suggest an essential role for these Eph receptors and ephrins, not only in development, but also in maintenance of the organization of adult intestine.
Key roles for EphB2, EphB3, and ephrin-B1 in localizing crypt and villus cells, especially Paneth cells, have been demonstrated in EphB2-and EphB3-null mice [21] and conditional ephrin-B1-knockout mice [22] . Analysis of isolated mouse crypt cells in the present study confirmed the expression of EphB2 and EphB3 in these epithelial cells and additionally demonstrated expression of EphA4 and EphB4, suggesting that these receptors may also be important in crypt cell regulation. Previous studies by Saaf et al. [42] with microarray analysis of Caco-2 cell differentiation found that EphB2 expression decreased with differentiation, while ephrin-B1 increased. Consistent with this, we found that ephrin-B1 and ephrin-B3 were undetectable in preconfluent cells but were expressed in postconfluent cells, while EphB3 and EphB4 levels decreased over the same period. EphA4 and EphB2 were expressed at both stages, suggesting a complex interaction involving multiple A and B receptor and ligand family members in the regulation of Caco-2 cell differentiation. Although Batlle et al. [21] reported a lack of protein staining for ephrin-B2 in small intestine, the mRNA was successfully detected by RT-PCR (Fig. 1c) ; this may be a reflection of the high sensitivity of this method, or posttranscriptional regulation of the protein. In a microarray analysis of small intestinal progenitor cells isolated by laser capture, Stappenbeck et al. [43] identified EphB3, EphB4, and EphA5 as upregulated genes. Thus, one or a combination of these proteins may have a role in the small intestinal stem cell.
Since EphB2 and EphB3 apparently organize adult crypt/villus architecture by a gradient of expression interacting with a reciprocal gradient of ephrin-B1 controlled by Wnt signaling targets, b-catenin, and T-cell factor (TCF) [21, 22] , we hypothesized that the initial formation of the crypt/villus structures might be due to an early complex expression of the receptors and ligands leading to sorting of the cells into two compartments. Indeed our data do demonstrate complex patterns of gene expression. While expression of both EphB2 and EphB3 mRNA was high prior to villus formation, the proteins were diffusely expressed in all of the stratified epithelial cells; then, as the villi formed, EphB2 and EphB3 proteins became restricted to the membranes of cells in the intervillus spaces, consistent with the previously published observation for TCF-4 expression in the intervillus region [44] . The temporal progression indicates that intervillus cell-specific expression of these proteins may be a result rather than a cause of morphogenesis. These data also suggest that cell-specific expression of EphB2 and EphB4 proteins is not part of such a developmental mechanism, but this does not rule out such a role for other family members. However, the importance of Wnt/Eph/ephrin interactions for maintenance of cell proliferation during development requires additional study.
Eph and ephrin expression analysis in the developing intestine demonstrates that almost all family members are expressed throughout the developmental period examined, suggesting roles in continuing tissue maintenance. EphA4, EphA8, EphB4, and ephrin-B2 displayed peaks during fetal intestinal morphogenesis, suggesting an important role in that process and indicating that further investigation of their roles would be worthwhile. The unique pattern of EphA8 is particularly of interest since it is strongly expressed in the developing intestine but, alone among all the family members, becomes undetectable in adulthood. It would also be of interest to determine whether human EphA8 is expressed in developing human intestine, as it is expressed in colon tumors but not in normal adult intestine. Further investigation of EphB3 and EphB4 as possible stem cell markers is also warranted. These studies confirm previously published results and identify new members of the Eph/ephrin family that may also play an important role during development of the intestine. They provide a guide for detailed evaluation of these functions in the future.
